Relationships between hydrodynamic parameters and grain size in two contrasting transitional environments: The Lagoons of Venice and Cabras, Italy by Molinaroli, E. et al.
1Relationships between hydrodynamic parameters and grain size in two contrasting 1
transitional environments: the Lagoons of Venice and Cabras, Italy2
3
Molinaroli E.a, Guerzoni S.b, De Falco G.c, Sarretta A.b, Cucco A.c, Como S.d, Simeone S.d, 4
Perilli A.c, Magni P.c5
6
aUniversità Ca’ Foscari Venezia, Dipartimento di Scienze Ambientali, Dorsoduro 2137, 30123 Venezia, 7
Italy8
bCNR - Istituto di Scienze Marine, Riva VII Martiri 1364/A, 30122 Venezia, Italy9
cCNR - Istituto sull’Ambiente Marino, Loc. Sa Mardini, Torregrande-OR, Italy10
d IMC - International Marine Center, Loc. Sa Mardini, Torregrande-OR, Italy11
12
13
14
1Abstract15
A comparison was made of shallow water sediments from the Lagoon of Venice (LV) and the 16
Lagoon of Cabras (LC), comparing depositional environments and exploring the relationships 17
between hydrodynamics and sedimentological parameters. The two water bodies are very 18
different in size (LV: 360 km2; LC: 22 km2), and the sediments predominantly consist of silty-19
clay (LV: Mz  26 m; LC: Mz  6 m). However, there are large differences between the two 20
lagoons with respect to sand (LV: mean 19%; LC: mean ~3 %) and clay (LV: mean 20%; LC: 21
mean 45%) contents. The Lagoon of Venice (mean depth ~1 m) can be considered a tidal basin, 22
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2whereas the Lagoon of Cabras (mean depth ~2 m) has the character of a coastal lake in which 23
wind is the main hydrodynamic forcing factor. A comparison of sediment grain-size distributions 24
with water circulation patterns in different parts of the lagoons highlighted some interesting 25
differences. Grain-size analyses of samples reveal a deficiency of particles around 8 μm in the 26
LC, which is interpreted as reflecting the transition between cohesive flocs/aggregates and non-27
cohesive coarser silt particles, while the transition limit in the LV is  20 m. Thus, particles are 28
cohesive below 8 m in the LC and below 20 m in the LV. This is probably because of the 29
differences in the clay/silt ratio, which is much lower in the LV ( 0.3) than in LC (1), 30
conferring a “silt-dominated network structure” on most of the LV sediments. 31
The hydrographical data used were root mean square velocity (RMSV) and water residence time 32
(WRT), computed under the main forcing conditions. The results show a general correlation 33
between RMSV and sortable silt in the LC, and between RMSV and coarser sediments (63-105 34
m) in the LV. Some significant differences between the lagoons were detected in the degree of 35
correlation between WRT and grain size. Root mean square velocity (~7 cm s-1 in the LV and ~3 36
cm s-1 in the LC) was a greater forcing factor in the LC than in the LV. Conversely, WRT, which 37
is on average ~16 days in the LV and ~19 days in the LC, has more influence in the LV. This 38
study highlights the usefulness of comparing environments with different hydrodynamic 39
energies, e.g., tidal and/or wind-driven currents, to elucidate and thereby improve our 40
understanding of the processes governing the spatial distribution of sedimentological features, the 41
transport mechanisms of sediments, and the relationship between them. The results demonstrate 42
that the approach outlined in this study has the potential to provide a universal hydro-43
sedimentological classification scheme. 44
45
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31. Introduction52
Links between hydrological and ecological processes in lagoonal environments have been 53
assessed by many authors (e.g. Monsen et al., 2002). Hydrographical parameters such as water 54
currents, water surface elevation and transport time-scales have been identified as fundamental 55
parameters for the understanding of ecological processes. For example, hydrodynamic and 56
sediment transport models can be used together with integrated models (e.g., CH3D, ADCIR) to 57
address potential ecosystem responses to changes in specific conditions of interest (Teeter et al., 58
2001).59
The hydrodynamics and sedimentology of the Lagoon of Venice (LV) have been extensively 60
studied (Basu and Molinaroli, 1994; MAV-CVN, 1999; Umgiesser, 2000; Albani and Seranderei 61
Barbero, 2001; Umgiesser et al., 2004a,b; Solidoro et al., 2004; Cucco and Umgiesser 2005, 62
2006), but rarely in the same context. Only recently have certain variables describing both the 63
hydrodynamics and the transport time scales of the lagoon been compared with sediment 64
distribution within the basin (Molinaroli et al., 2007). The Lagoon of Cabras (LC) has recently 65
been investigated with respect to the spatial variability of bulk sediment properties (De Falco et 66
al., 2004) and their relationships with macrofaunal communities (Magni et al., 2004, 2008a). 67
Finally, hydrodynamic models have also been applied to the coastal Lagoon of Cabras (Ferrarin 68
and Umgiesser, 2005).69
Since the two lagoons are very different in size, hydrographical and sedimentological 70
characteristics, and man-made forcing factors, the goal of the present paper is to shed light on the 71
links between water circulation and sediment properties. Some fundamental variables describing 72
both hydrodynamics and transport time-scales in the LV and LC were assessed using a numerical 73
approach and compared with the bathymetry and sediment characteristics (including distribution) 74
of the two basins. The approach chosen here to distinguish between the two lagoons has the 75
potential to form the basis of a universal classification of such water bodies.76
77
2. Sites78
79
2.1. The Lagoon of Venice (LV)80
481
The LV is the largest shallow coastal lagoon in the Mediterranean region (area: 550 km2; 82
extension: 50 km along the coast; width: 15 km) and is located in the northern Adriatic Sea along 83
the north-eastern coast of Italy (45°N, 12°E) (Fig.1). The LV formed 6–7 kyr BP during the 84
Flandrian transgression, when the rising sea flooded the Upper Adriatic Würmian paleoplain and 85
delineated the coast in approximately the present position (Spencer et al., 2005a). Prior to the 86
year 1500 AD, the rivers entering the Lagoon contributed approximately 700,000 m3 of fine-87
grained material annually, most of which was deposited in salt marshes and mudflats; an 88
additional 300,000 m3 of sand entered from the sea to form tidal deltas.89
A series of man-made changes affected the lagoon from the 15th to the 20th Centuries. These 90
included diverting river flows away from the lagoon, opening and widening the tidal inlets, and 91
creating waterways for navigation across the lagoon towards the inner, landward shore. The river 92
diversions, construction of breakwaters at the lagoon inlets during the period 1808-1930, and 93
increased dredging of lagoon channels for navigation purposes (shipping channels of up to 20 m 94
deep were dredged in 1926 and 1970) have had a significant impact on the lagoonal 95
morphology (Spencer et al. 2005b), and marine processes now prevail over natural lagoonal 96
processes. 97
The lagoon is a complex combination of intertidal marshes, intertidal mudflats, submerged 98
mudflats and navigation channels. Water exchange between the lagoon and the Northern Adriatic 99
Sea is through the Lido, Malamocco and Chioggia inlets. Only 5% of the lagoon has a depth 100
greater than 5 m, and 75% is less than 2 m, the average depth being 1.2 m. Two major wind 101
regimes dominate in the region, the Bora from the north–east and the Scirocco from the south–102
east (maximum speeds  50-60 km h-1), occurring in spring and autumn respectively. The 103
Adriatic tides, which locally reach mean ranges of 35 cm during neap tides and about 100 cm104
during spring tides, govern water exchange in the lagoon. Within the lagoon, these wind regimes 105
generate strong circulation in addition to tidal flows, which is important for mixing and transport. 106
They also create wind waves which are locally responsible for the resuspension of sediments in 107
the shallow parts of the lagoon. (Umgiesser, 2000; Umgiesser et al., 2004a).108
The average water volume is approximately 3.9 x 108 m3, and the amount of salt water flowing in 109
and out during each tidal cycle amounts to around one-third of the total volume of the lagoon 110
5(Gačić et al., 2004). The terrestrial drainage basins discharging into the lagoon have a total area 111
of 1850 km2 and provide an annual mean freshwater input of ~ 35 m3 s-1. The most important 112
streams are located in the northern basin, which receives on average more than 50% of the total 113
annual load. The associated sediment input was calculated at 33x103 tons yr-1 for the years 114
1999/2000 (Collavini et al., 2005; Zonta et al., 2005). This hydrographical pattern creates a 115
typical brackish environment with a salinity gradient ranging from 10 PSU near the landward 116
shore to 32 PSU at the seaward inlets (Fig. 1). The subtidal areas of the lagoon are partially 117
vegetated by macroalgae and seagrasses (such as Zostera marina, Z. noltii and Cymodocea 118
nodosa).119
120
Insert Fig. 1. 121
122
2.2. The Lagoon of Cabras (LC)123
The LC is a shallow transitional system (mean depth 1.7m, max. depth 2.1m, Cannas et al., 124
1998) located near the Gulf of Oristano on the west coast of Sardinia (Italy) in the western 125
Mediterranean Sea (39° 57’N, 08°29’E) (Fig. 2). With an area of 22 km2, it is the largest brackish 126
basin on the island and one of the largest brackish systems of the western Mediterranean Sea. The 127
drainage basin discharging into the LC has a total area of 432 km2 (Casula et al., 1999) and128
includes two main streams, the Riu Mare Foghe and the Riu Tanui, located in the northern and 129
southern sectors of the lagoon respectively. The Riu Tanui has a much smaller catchment area 130
than the Riu Mare Foghe, but its sediment load is very important because of the intensive 131
agricultural activities in the area. In addition, the Riu Tanui used to discharge untreated urban 132
waste waters into the LC up to the year 2000 (Magni et al., 2008a).133
Due to a low rainfall regime in the region (10 and 100 mm in July and December respectively) 134
(Pinna, 1989) and increasing demand for water, especially from agriculture, river discharge is 135
relatively limited. In the southern part of the basin, water exchange between the lagoon and the 136
adjacent Gulf of Oristano has been severely affected by a channel constructed in the late 1970s, 137
which can be closed by a dam to stop sea water flowing into the lagoon at high-tide (Fig. 2). An 138
additional connection to the adjacent Gulf of Oristano is via narrow, convoluted creeks which 139
6flow into the main channel below the dam (Como et al., 2007). The artificial dammed channel 140
was constructed to prevent the flooding of villages situated around the lagoon by blocking the 141
tide and thereby avoiding inundation of the coastal areas at times of high river discharge which 142
would otherwise cause a rise in the lagoon’s water level. Ironically, it has hardly ever been used 143
because since its construction fresh water inflow from the rivers has strongly decreased due to 144
increasing demand for water from land use. The dam favours the trapping of fine sediments 145
inside the lagoon. Tidal range is <25 cm, and exchange between the lagoon and the coastal 146
system is very limited. In contrast, tide- and wind-induced currents seem to cause sufficient 147
circulation of the internal water mass to bring about the resuspension and distribution of fine 148
sediment particles within the basin (De Falco et al., 2004).149
Despite the current trend of increasing salinity caused by a progressive reduction of freshwater 150
input and increasing demand for water for land use (e.g., in agriculture), salinity can drop to <10 151
PSU following rainfall, rising to >30 PSU during dry periods (Magni et al., 2005). 152
The morphology of the southern part includes a complex system of dunes, the youngest line of 153
which faces the Gulf of Oristano. In contrast to the LV, the LC does not have morphological 154
features such as intertidal marshes, intertidal mudflats, submerged mudflats and navigation 155
channels. 156
157
Insert Fig. 2.158
159
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3. Materials and methods161
162
3.1. Sedimentological databases163
164
Lagoon of Venice (LV) 165
The samples processed in the present study are part of a database included in the MAV-CVN 166
(1999) study. Sediment samples from shallow lagoon beds (average depth ~1 m) were collected 167
7at 70 sites during field work in 1997-1998, organised by the Consorzio Venezia Nuova (CVN) 168
and sponsored by the Magistrato alle Acque (Water Authority) (Fig. 1). At each site, the 169
sampling area consisted of a circle approximately 2 m across, with a central point fixed by 170
geographical co-ordinates. From each area, 6 sediment cores were taken (15 cm depth, 7 cm in 171
diameter, equally distributed within the circle) and combined to form a “composite” sample. In 172
this way, the probable sampling error was reduced by 60% (Krumbein, 1934). 173
After removing organic matter with H2O2, grain-size analysis of the sediments was performed by 174
dry sieving and hydrometer for sand (>63 m) and mud (<63 m) fractions respectively. The 175
sample treatment and analytical details have been described elsewhere (Molinaroli et al., 2007). 176
The silt-clay boundary was taken to be 4 µm. 177
178
Lagoon of Cabras (LC) 179
The samples processed in this study were collected during April-May 2001. Thirty stations, 180
spaced 750 m apart, were selected on a regular square grid covering the whole lagoon (Fig. 2). 181
Sediment samples were collected using a manual corer (40 cm long, 10 cm diameter) penetrating 182
20 cm into the sediments. 183
The samples were treated with H2O2 in order to eliminate organic matter and wet sieved through 184
a 63 µm mesh. The sand fraction (>63 µm) was treated with 1-0N HCL to dissolve the CaCO3 of 185
any bioclastic material, which was occasionally present in significant quantities due to colonies 186
of Ficopomatus enigmaticus. The bioclastic component can significantly affect grain size 187
distribution, leading to a misleading interpretation of the relationships between grain size data 188
and hydrodynamics. Grain-size analysis of the <63 µm fraction was performed using a Galai CIS 189
1 laser particle sizer (Molinaroli et al., 2000). The sample treatment and analytical details have 190
been described elsewhere (De Falco et al., 2004).191
Sediments were classified using the textural classification of gravel-free muddy sediments on 192
ternary diagrams proposed by Flemming (2000). Again, the silt-clay boundary was taken to be 4 193
µm. 194
The two sets of grain-size data were analysed in different ways. The LV dataset is based on a 195
sedimentation technique while the LC dataset is based on the time-of-transition technique.196
8The problem of comparing grain-size analyses based on different techniques is not a minor issue 197
and has been discussed by several authors (Konert and Vanderbergen, 1997; McCave et al., 2006; 198
Goossens, 2008). Konert and Vandenberg (1997) indicate that an 8 µm laser corresponds to 2 µm199
settling on sediments of fluvial, aeolian and lacustrine origin. McCave et al. (2006) showed that 200
the laser sizer increasingly overestimates the sortable silt (10-63 µm) fraction as the fine silt/clay 201
content measured by Sedigraph rises, and the differences between laser and Sedigraph become 202
negligible when the 10-63 µm fraction is higher than 40%. Molinaroli et al. (2000) found a 203
correspondence between < 4 µm (Galai) and < 2 µm (Sedigraph), with less accentuated 204
differences using the time-of-transition laser technique (Galai) than laser diffraction (Malvern). 205
In any case, the results provided by the two techniques cannot be directly used for objective 206
comparison unless some normalisation procedures are applied (Goossens, 2008). To achieve this, 207
we analysed 30 samples with both techniques and the relationships between the data obtained 208
were estimated by means of variation/residuals analysis and regression analysis. Galai was found 209
to overestimate the coarse-silt fraction (22-63 µm) only slightly (3%) and the finest fraction (< 1 210
µm) more considerably (8%), whilst fine silt and clay were slightly underestimated (2-5%). 211
Contrary to Goossens, we found a good correspondence between hydrometer and Galai for the <8 212
µm and <22 µm fractions. The equations were:213
% Galai = 1.055 x % Hydrometer (r=0.75; p<0.001) for the < 22 µm fraction, and214
% Galai = 1.035 x % Hydrometer (r=0.82; p<0.001) for the < 8 µm fraction.215
The equation was then used to recalculate the numerical results from the hydrometer to allow 216
comparison with the results from the Galai particle sizer. The data obtained from the conversion 217
show slight differences of ±2% with respect to the original LV dataset (range 1-4%).218
In any case, the bias of the laser may actually have reduced the apparent differences between the 219
two data sets and therefore our main conclusions are valid.220
TOC content was measured for the total sample set in both LV and LC sediments. 221
222
3.2. Hydrographical parameters223
224
9The hydrology of the LV and LC was investigated by means of a 2D hydrodynamic numerical 225
model based on the finite element method. The model resolves the vertically integrated shallow 226
water equations in their formulations with water levels and transport on a numerical domain 227
represented by a staggered finite element grid. Details of the equations and of the numerical 228
treatment adopted by the model are given in Umgiesser and Bergamasco, (1995), Umgiesser et al. 229
(2004a) and Cucco and Umgiesser (2005). The model has been successfully applied in other 230
studies to reproduce wind- and tide-induced water circulation in the LV (Umgiesser et al., 2004b, 231
Solidoro et al., 2004 and Cucco and Umgiesser, 2005) and LC (Ferrarin and Umgiesser, 2005, 232
Magni et al., 2008b). In order to reproduce and analyse the general water circulation and flushing 233
features of the two basins, numerical simulations based on local meteo-marine forcing factors 234
were carried out.235
Specifically, for the LV, the tide can be considered as the main forcing factor affecting water 236
circulation. Even during strong wind events, such as the Bora and the Scirocco winds (from the 237
south-east and north-east respectively), their influence on water circulation is mostly negligible in 238
comparison to daily tidal forcing effects (Gačić et al., 2002, Cucco and Umgiesser, 2005).239
By contrast, in the LC, water circulation is mainly influenced by the wind. The main wind regime 240
in the area, and therefore the main factor affecting water circulation in the LC, is the Mistral 241
wind, a strong wind blowing from the north-west (Ferrarin and Umgiesser, 2005, Magni et al., 242
2008b). With an average water displacement of less than 40 cm, the tides in this basin are very 243
weak but are still considered to be the main factor promoting exchange between the Oristano 244
Gulf and the lagoon. 245
Therefore, in order to reproduce the general water circulation and flushing features of the two 246
basins in the LC, both the wind and tidal effects have to be considered. Simulations were carried 247
out on separate numerical domains representing the LV and the LC. The water circulation and 248
flushing features of the LV were analysed when only the tide was forcing the basin, whereas both 249
the Mistral wind and the tide were considered for the LC. We refer the reader to Cucco and 250
Umgiesser (2005) and Ferrarin and Umgiesser (2005) for a detailed description of the numerical 251
grids, model parameterization and boundary conditions adopted in this study.252
In order to compare the hydrographical and flushing features of the two lagoons, the root mean 253
square current velocities (RMSVs) and water residence times (WRTs) were calculated from the 254
10
model results. The RMSV was computed for each element of the two numerical domains using 255
the formula: 256
   2,, yxvelyxRMSV 257
where vel(x, y) is the horizontal velocity at point (x,y), the bar indicating a suitable average. 258
The RMSV gives a good estimate of hydrodynamic activity in the two basins. Specifically, the 259
erosion process is generally dependent on bottom shear stress (WBSS), of which the formula is:260
2RMSVCWBSS B  261
where CB is the bottom drag coefficient and  is the water density.262
In both the LV and LC, the sediment samples are characterized by very low depth variability, less 263
than 8% for the LC and 10% for the LV, whereas they are characterized by high variability in 264
terms of RMSV values (see section 4). The WBSS variability within each dataset is largely 265
governed by RMSV variability, which can be properly used as a parameter to characterise the 266
variability of hydrographical forcing factors in each basin (Molinaroli et al., 2007). 267
Wind wave dynamics and their influence on hydrology and sediment transport were not 268
considered in this study, for either lagoon. In the LV, waves induced by strong Bora and Sirocco 269
winds can cause wave heights of up to 50 cm in the shallow lagoon areas (Ferrarin, et al. 2008),270
where they can be considered an important factor in the sediment resuspension process. 271
Nevertheless, since the tide is the main factor forcing water circulation, tidal currents were272
assumed to be the main factor controlling long term sediment transport and distribution inside the 273
LV, rather than wind wave forcing. In the LC, where wind fetch is strongly restricted by the 274
limited size of the basin, waves induced by strong wind events are characterized by very low 275
amplitude, and their effects on sediment dynamics are comparable to the effects of the main 276
current flow. 277
The WRTs of the two lagoons were computed following an Eulerian approach. The WRT was 278
defined as the time required for each element of the domain to replace most of the mass of a 279
conservative tracer with new water. It was calculated with reference to the mathematical 280
expression given by Takeoka (1984a, b), known as the remnant function. A detailed description 281
of the method adopted to compute it may be found in Umgiesser et al. (2004b) and in Cucco and 282
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Umgiesser (2006). WRT gives additional information – with respect to the RMSV – on the 283
hydrographical features of the two basins. For example, concerning the flushing time of water 284
within a selected area of a basin, WRT is necessary to identify areas where water masses tend to 285
stay at rest, which is not necessarily dependent on water current velocity alone. Indeed, the 286
presence of closed circulation cells tends to promote water trapping even when such 287
hydrographical features are characterised by high current velocity, especially along the edges 288
(Cucco and Umgiesser, 2006). Furthermore, computation of WRTs makes it possible to identify 289
areas characterised by similar RMSV values but which are more heavily influenced by the 290
dynamics of either the open sea or the innermost parts of the lagoon. 291
292
4. Results and discussion293
294
4.1. Sedimentological comparison of LV and LC295
A comparison of the two lagoons highlights the main differences in both morphological-296
sedimentological and hydrodynamic characteristics (Tab.1). 297
298
Insert Tab. 1299
300
The sediments of the LV and LC are mostly silty-clayey (mean mud content ~80% and 90% of 301
dry weight respectively). However, as evident from Table 1, there are large differences between 302
the two lagoons with respect to the contents of sand (LV: mean 19%, min. 1, max. 90; LC: mean 303
3%, min. 0, max. 17) and clay (LV: mean 20%, min. 3, max. 38; LC: mean 45%, min. 29, max. 304
58). Overall, silt is the dominant size fraction in the LV (61% on average), whereas silt and clay 305
both account for 45% on average in the LC (Tab. 1). The LV thus has a lower clay/silt ratio 306
(mean 0.3) than the LC (mean 0.9). The clay/silt ratio, particularly with non-cohesive silts 307
(sortable silts), seems to be related to hydrodynamic conditions, as will be discussed later.308
Sediment TOC is much lower in the LV (mean 1.1%; min. 0.3; max. 3.1) that in the LC (mean 309
3.3%; min. 1.0; max. 4.3). TOC in marine sediments is normally associated with the finest grain-310
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size fraction and for this reason organic carbon content is commonly compared on the basis of 311
mud content (Tyson, 1995). However, this does not take into account the fact that the mud 312
fraction may contain both non-cohesive (sortable) silts and cohesive muds, the former (like sand) 313
containing little organic carbon. The spatial variability of TOC in the LC – despite the uniformly 314
muddy nature of the sediment – can indeed be better explained in terms of its association with the 315
cohesive mud fraction. In the LV, by contrast, the situation is exactly the opposite, the sediment 316
being dominated by non-cohesive silt which, as a consequence, has lower organic carbon content. 317
The LV sediments were classified in terms of the influence of marine processes, and three groups 318
were identified, containing samples from: (a) the northern part and near the landward shore, (b) 319
the central area, (c) the southern part and near the three seaward inlets. In terms of physical 320
energy, the lagoon varies from relatively high energy on the seaward side, which is influenced by 321
tidal flows through the three main inlets connecting the lagoon to the Adriatic, to quiescent 322
conditions on the landward side. 323
The averaged frequency curves of samples from the (a) and (b) groups show that the mud 324
fractions are composed of two distinct populations (Fig. 3). The (a) group includes very well 325
sorted coarser silts with a pronounced peak at about 63 m, indicating an affinity to very fine 326
sand, and a second population consisting of poorly sorted finer silts and clays with one peak at 327
about 11 m and a second at 1.5 m. The (b) group also includes very well sorted coarser silts 328
with a pronounced peak at about 63 m, and a second population consisting of poorly sorted finer 329
silts and clays with modest peaks. An important characteristic is that in both (a) and (b) groups 330
the two populations are separated by a deficiency of particles at about m, which means that 331
they are both composed of two major sub-populations, one greater and one smaller than this size.332
333
Insert Fig. 3.334
335
The averaged frequency curve of the LC samples shows that the mud fraction is composed of two 336
distinct populations (Fig. 4). One includes well sorted silt with a peak at 11 µm (medium silt), 337
the other poorly sorted finer silt and clay with a well-defined peak at 4 m and a smaller peak at 338
1.5 m. An important feature is that the mud fraction is characterised by a deficiency of 339
13
particles at 8 µm, which means that they are composed of two major sub-populations, one 340
greater and one smaller than this size. The 8 μm size fraction marks the transition between the 341
sortable coarser-grained and the aggregated finer-grained sub-populations (McCave et al., 1995). 342
A similar observation was made by Chang et al. (2006, 2007) who observed a lack of particles at 343
8 µm in a back-barrier tidal basin in the Wadden Sea.344
345
Insert Fig. 4346
347
The textural composition of the LV and LC sediments in terms of sand/silt/clay ratios is shown 348
on a ternary diagram (Fig. 5), the location of the data points within the diagram reflecting specific 349
hydrodynamic energy conditions (Flemming, 2000). 350
The diagram reveals that the sediments of the three LV groups plot in a belt reflecting an 351
intermediate energy gradient (Flemming, 2000). The textural gradient of group (a) shows a 352
progressive shift towards lower silt/clay content (i.e., towards the clay apex), indicating a rapid 353
fall in energy.354
The sediments in group (b) are richer in silt and sand fraction, corresponding to the energy 355
conditions of mudflats. The sediments of the last group (c) are composed mainly of sand and silt 356
fractions, corresponding to energy conditions usually associated with sand flats and mixed flats 357
(Flemming, 2000).358
From a geological point of view, the distribution of the surficial sediments bears the imprint of 359
past fluvial inputs and their reworking as a result of the lagoon’s hydrodynamics. It is possible to 360
distinguish three main basins: a northern basin, characterized by the presence of deposits from the 361
rivers Piave and Sile, a southern basin, characterized by sedimentation of inputs from the rivers 362
Brenta and Bacchiglione, and a central basin with river Brenta sediments reworked by the 363
lagoon’s hydrodynamics. Mineralogically speaking, there are differences between the northern 364
sector of the lagoon, where carbonate-rich sediments prevail, and the silicate-rich southern sector. 365
Clayey minerals are more abundant in low energy areas of the lagoon, particularly on the 366
landward side (Molinaroli and Rampazzo, 1987; Bonardi et al., 2004).367
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Almost all the samples from the LC have high mud contents (clay/silt ratio  1), corresponding to 368
energy conditions usually associated with mature mudflats. Petrographically speaking, the 369
samples consist of clayey silts and silty clays (Fig. 5). The sediments originate mainly from 370
volcanic rocks with high clay mineral contents (Barca et al., 2005).371
The different textural properties of the sediments in the two lagoons indicate different 372
hydrodynamic processes and hence different depositional conditions. The presence of finer 373
materials in the LC reflects a generally lower-energy hydrodynamic regime, although similar 374
sedimentary features were also observed in the northern part and near the landward shore of the 375
LV, indicating that the prevailing hydrodynamic conditions in the LV are similar to those in the 376
LC.377
Van Ledden and co-workers (2004) showed that mud content as a descriptor for the transition 378
between non-cohesive and cohesive erosion behaviour was more accurate than clay content.379
Specifically, those authors considered both the “cohesion” and the “network structure” of 380
sediments, and set the transition between non-cohesive and cohesive mixtures at 5-10% clay (< 4 381
m) content (see Figs. 2 and 5 in van Ledden et al., 2004). Thus a combination of textural 382
classification (Flemming, 2000) and structural attributes was suggested. In this scheme, all the 383
LC sediments can be classified as “cohesive clay-dominated”, whilst the LV sediments are 384
“partly cohesive clay-dominated”, but mostly with a “cohesive silt-dominated network structure” 385
386
Insert Fig. 5387
388
4.2. Characterisation of the mud fraction in the LV and LC389
The grain-size composition of the mud in the two lagoons was investigated in more detail. The 390
dynamic behaviour of fine particles (<63 µm) in the course of transport is quite different and 391
more complicated than that of sand. This is because fine-grained sediments are generally 392
composed of two different particle groups with different hydraulic properties – non-cohesive silts 393
(well-sorted coarser silt) and cohesive mud (unsorted silty clays) (Dyer, 1986; Soulsby and 394
Whitehouse, 1997). Flocculation is affected by many factors, including suspended sediment 395
concentrations (SSC), turbulence-induced shear stress, differential settling of flocs, and sticky 396
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organic matter in the water column (Dyer and Manning, 1999; Geyeret al., 2004). The individual 397
contribution of these factors to floc size is unclear (Xu et al., 2008).398
In the ternary plot in Fig. 6, the fine-grained sediment fraction is represented by the <8 µm and 399
the 8–63 µm fractions. The under 8–10 µm fraction is the non-sortable mud fraction (cf. McCave 400
et al., 1995; Chang et al., 2006, 2007), mainly consisting of aggregated or flocculated particles 401
composed of small mineral grains and organic matter, whereas the 8–63 µm fraction 402
predominantly consists of non-aggregated, silt-sized mineral grains. Because the former particle 403
group (<8-10 µm) is subject to flocculation and aggregation during transport and deposition, 404
whereas the latter (>8-10 µm in size) tends to be transported in the form of single mineral grains 405
(McCave et al., 1995), an attempt was made to differentiate between cohesive and non-cohesive 406
sediments in the two lagoons. In the LC, the <8 µm grain size fraction was found to correlate 407
most strongly with TOC and organic matter content (De Falco et al., 2004; Magni et al., 2008a). 408
This fraction, associated with reduced hydrodynamics and low water exchange (Magni et al., 409
2008b), was also found to correlate with increased risk of hypoxic/anoxic conditions, sulphide 410
development and massive death of benthos and fish (Magni et al., 2005). Following McCave et 411
al. (1995) and Chang et al. (2006, 2007), we lumped all particles <8 m into a cohesive mud 412
fraction (Fig. 6). The resulting ternary plot shows that most of the samples from the LV are 413
composed of coarser sediment than the samples from the LC, which are mainly composed of silty 414
clay (<8 m). Generally speaking, coarser non-cohesive silts reflect stronger near-bed flows and 415
selective deposition. The location of LV sediments changes only slightly in the new ternary 416
diagram (cfr. Fig. 5 and 6). The position of the LC samples, by contrast, changes considerably, 417
most of the samples shifting towards the <8 µm apex (Fig. 6).418
419
Insert Fig. 6.420
421
To investigate trends in the sediments of the two lagoons when the cut-off for the cohesive 422
fraction was raised even higher, we plotted the <22 m fraction against the 22–63 m and >63 423
m fractions (Fig.7). 424
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The location of the LV sediments in the plot now shows most of the samples from the northern 425
lagoon having shifted towards the <22 µm apex. The rest of the sediments in the LV, however, 426
are still mainly composed of non-cohesive particles. In contrast, the cohesive fraction prevails in 427
all LC sediments. 428
The 22 m limit is used here to distinguish between 'coarse' and 'fine' mud fractions in the 429
distribution. This boundary roughly separates the fine particles included in aggregates (inherited, 430
geochemically flocculated or biologically agglomeratated) from non-aggregated particles during 431
sedimentation. 432
The transition from non-cohesive to cohesive behaviour can be seen as occurring at 8 µm and 22433
µm for the LC and LV respectively. The cohesive behaviour of the coarser fraction in the LV is 434
probably due to the role of the silt-dominated network structure, as highlighted by Van Ledden et 435
al. (2004), in a context of very low clay/silt ratios (0,3), as is the case with the LV sediments. 436
In other words, all the LC sediments can be classified as “cohesive clay-dominated”, whilst the 437
LV sediments are “partly cohesive clay-dominated”, but mostly with a “cohesive silt-dominated 438
network structure” that shifts the transition from non-cohesive to cohesive behaviour from 8 µm439
to 22 µm.440
441
Insert Fig. 7. 442
443
4.3. Hydrographical comparison of the LV and LC444
RMSV and WRT values were computed for the LV and LC and their distribution patterns 445
compared. In the case of the LV, the hydrodynamic pattern determined by the tides is highly 446
complex due to the presence of channels, tidal marshes and islands. Water entering and exiting 447
the four sub-basins through the three seaward inlets generates strong currents in the main 448
channels. The four sub-basins have different sizes and therefore different circulation patterns. A 449
detailed description of the general water circulation in the basins has been made by Umgiesser 450
(2000) and is therefore not repeated here. Important to note here, however, is that the average 451
RMSV for the LV as a whole is about 15 cm s-1 with a standard deviation of about 20 cm s-1, 452
which indicates high spatial heterogeneity. For example, the highest RMSV values are found in 453
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the main channels and in the inlets, where they reach 60 cm s-1. On the other hand, in the 454
innermost regions, along parts of the watersheds between sub-basins and along the landward 455
shore, RMSV values fall to <6 cm s-1. Table 1 only lists RMSV values corresponding to the 456
shallow parts of the LV, where the range is between 0 and 18 cm s-1 and the mean 7 cm s-1, 457
whereas Fig. 8 shows RMSV patterns for the whole lagoon.458
459
Insert Fig. 8. 460
461
As with the RMSVs, WRTs in the LV are heterogeneously distributed over the sub-basins, with a 462
mean of 16 days and a standard deviation of about  7 days. WRT values range from less than 1 463
day close to the inlets to 26 days in the innermost areas. The spatial distribution is mainly 464
dependent on the relative distance from the three seaward inlets and the location of the main 465
channels (Fig. 9). 466
467
Insert Fig. 9. 468
469
In the LV, RMSV is inversely related to WRT, the latter being lowest in the vicinity of the inlets 470
and the channels where tidal flushing is more efficient, and highest in the innermost areas and 471
along the three lagoonal watersheds, where the weak tidal flow replaces the waters very slowly. 472
A full description of the model’s results can be found in Cucco and Umgiesser (2006).473
In the case of the LC, the circulation pattern is completely different to that of the LV, being 474
characterised by the presence of cyclonic and anti-cyclonic eddy structures promoted mainly by 475
the interaction of the Mistral wind with the tide. A large cyclonic vortex dominates the 476
hydrodynamics of the central and northern parts of the lagoon, and two smaller vortices 477
characterise the residual circulation in the southern part. Tidal action promotes weak exchanges 478
through the main inlet, which accordingly do not generate strong currents within the lagoon. The 479
pattern of both RMSV and WRT is therefore mainly influenced by wind-induced current480
circulation. A detailed description of the general water circulation in the LC has been made by 481
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Ferrarin and Umgiesser (2005) and is thus not repeated here. More recently, Magni et al (2008b) 482
proposed a number of scenarios characterized by different hydraulic balances between the Gulf of 483
Oristano and the Cabras Lagoon, and carried out numerical simulations to predict the evolution 484
of both hydrographical and ecological variables within the system under different meteorological 485
forcing conditions.486
The average RMSV in the LC was found to be 3 cm s-1 and the standard deviation 2 cm s-1. 487
Higher values were found along the edges of the vortices and along the lagoonal shores, and 488
lower values in the central part of the lagoon and in the cores of the vortices. The maximum 489
RMSV, 49 cm s-1, was computed for the western shore of the central part of the basin. An 490
intensification of the RMSV was also detected in the southern part of the basin along the eastern 491
shore where a maximum value of 31 cm s-1 was computed (Fig.10).492
493
Insert Fig. 10. 494
495
As in the case of the LV, WRT in the LC is inversely related to RMSV, varying from 24 days in 496
the central part of the lagoon to a few hours near the river mouths and the network of channels 497
connecting the basin with the main inlet. The mean value is 19 days with a low standard 498
deviation (5 days). As with RMSV, the spatial distribution of WRT is strongly influenced by the 499
wind-induced circulation pattern. Higher WRTs are found in the core regions of the circulation 500
vortices, and lower values are found along the edges of the vortices and the shores of the lagoon 501
(Fig. 11). 502
503
Insert Fig. 11. 504
505
Comparison of RMSV and WRT patterns in the LV and LC reveals striking differences, despite 506
the two parameters being inversely correlated in both cases. The LV has highly variable 507
hydrodynamic activity and flushing features. Strong current velocity and high flushing capacity 508
are found in the main channels, in the seaward inlets and nearby areas, whereas weak water 509
circulation and flushing capacity are detected in shallow areas, and in the northern and landward 510
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parts of the lagoon. The variability in hydrodynamic activity in the LV is thus mainly dependent 511
on the presence and location of the channels and on the relative distance from the inlets.512
In the LC, by contrast, hydrodynamic activity and flushing features are evenly distributed over 513
the basin and the water renewal capacity of the tidal action is very weak. Higher current 514
velocities and flushing capacity are detected in the shallow areas along the shores of the lagoon, 515
whereas lower RMSVs and higher WRTs are found in the deeper, central parts of the lagoon. The 516
LC is therefore comparable to a lake, in which exchanges are mainly promoted by river inputs 517
and by evaporation and precipitation processes. Here, the water circulation is mainly caused by 518
wind action, which generates strong currents along the shores and weak currents in the deeper 519
parts.520
A final observation is that the two basins are characterized by different water circulation patterns, 521
which can be considered the main reason for their different sedimentological features. 522
523
4.4. Hydro-sedimentological correlation in the LV and LC524
As we have seen, there are substantial differences between the two lagoons in terms of both 525
sedimentological and hydrographical characteristics. With this data at hand, we made an attempt 526
to expand the ternary diagram of Flemming (2000) by adding the hydrodynamic conditions 527
defined by the RMSVs and WRTs in the two contrasting lagoons. In this more complex system, 528
we associate variations in RMSV and WRT values in the LV with sortable silt/aggregates ratios, 529
and variations in RMSV values with sand/mud ratios. In the LC, we associate variations in 530
RMSV and WRT values with sortable silt/aggregate ratios (Fig. 12). 531
In the LC, RMSV shows a good positive correlation with the 63-8 µm grain-size fraction (Fig. 532
12a) and a reasonable negative correlation with the <8 µm grain-size fraction (Fig. 12b). 533
In the LV, RMSV shows a good positive correlation with the 105-63 µm grain-size fraction (Fig. 534
12c) and a negative correlation with the <22 µm grain-size fraction (Fig. 12d), corresponding to 535
very fine sand and non-cohesive coarser silt respectively. Furthermore, we found good 536
correlations between the <22 µm grain-size fraction and WRT for those samples located outside 537
the regression confidence band in the plot (Fig. 12e). These samples are from areas which, 538
despite having similar RMSV values, are more heavily influenced by the dynamics of either the 539
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open sea or the innermost parts of the lagoon. This result in the LV data confirms the findings of 540
Molinaroli et al. (2007), which showed a high correlation between the <31m grain size fraction 541
and WRT.542
The relationship between grain size and hydrographical parameters underlines the differences 543
between the two lagoons, in which the mud fractions are composed of different populations (finer 544
in the LC and coarser in the LV) affected by different hydrodynamics. 545
546
Insert Fig. 12. 547
548
549
5. Conclusions 550
551
The main conclusions of the detailed comparison of hydrographical and grain-size data from the 552
Lagoon of Venice (LV) and the Lagoon of Cabras (LC) are the following:553
1. The sediments of the LV and LC mostly consist of silty clay (mean mud content ~80% 554
and 90% respectively). 555
2. The ternary diagrams show that most of the sediments from the LC are composed of 556
cohesive silt (<8 µm), whereas the sediments from the LV are mainly composed of a 557
coarser population 8-63 µm in size, the cut-off for the silty fraction being 20 µm. 558
3. The LV is characterised by high variability of both hydrodynamic activity and flushing 559
features. This variability in the lagoon is mainly dependent on the presence and location 560
of the channels and on the relative distance from the seaward inlets. 561
4. In the case of the LC, both hydrodynamic activity and flushing features are roughly 562
uniform over the basin. Therefore, the LC is more comparable to a lake, in which 563
exchanges are promoted mainly by river inputs and by evaporation and precipitation, and 564
where water circulation is mainly wind-driven. 565
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5. A positive correlation was found between RMSV and the non-cohesive (8-63 m) and 566
fine sand (63-105 m) fractions in the LC and LV respectively. 567
6. Current velocity (RMSV) determines the variability of the cohesive grain-size fraction in 568
both lagoons, whilst residence time (WRT) is important only in the LV, where circulation 569
cells tend to promote water trapping. 570
7. The approach chosen here to distinguish between the two lagoons could potentially form 571
the basis of a universal classification system for such water bodies.572
573
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TABLES725
Table 1. Mean values of sedimentary, hydrological and environmental variables of the two 726
lagoons.727
728
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FIGURE CAPTIONS729
730
Fig. 1. Lagoon of Venice. Location of sediment sampling sites. Dotted areas: seagrass beds. ○ = 731
samples from northern part and near landward shore, × = samples from central area; ∆ = 732
samples from southern part and near three seaward inlets.733
Fig. 2. Lagoon of Cabras. Location of sediment sampling sites.734
Fig. 3. Average frequency distribution curve of mud samples in LV dataset; solid line = LV (a) 735
samples from northern part and near landward shore; dashed line = LV (b) samples from 736
central area.737
Fig. 4. Average frequency distribution curve of mud samples in LC dataset.738
Fig. 5. Ternary diagram of surficial LV and LC sediments based on sand/silt/clay ratios with cut-739
off between clay and silt set at 4 m. Boundary lines define different sediment types as in 740
Flemming (2000). ● = LC sediment samples; ○ = LV (a) samples from northern part and 741
near landward shore, × = LV (b) samples from central area; ∆ = LV (c) samples from 742
southern part and near three seaward inlets.743
Fig. 6. Ternary diagram of surficial LV and LC sediments showing sand/sortable silt/aggregate 744
ratios with cut-off between aggregated (cohesive) particles and sortable silt set at 8 m. ● = 745
LC sediment samples; ○ = LV (a) samples from northern part and near landward shore, × = 746
LV (b) samples from central area, ∆ = LV (c) samples from southern part and near three 747
seaward inlets.748
Fig. 7. Ternary diagram of surficial LV and LC sediments based on sand/sortable silt /aggregate749
ratios with cut-off between aggregated (cohesive) particles and sortable silt set at 22 m. ● 750
= LC sediment samples; ○ = LV (a) samples from northern part and near landward shore, × 751
= LV (b) samples from central area, ∆ = LV (c) samples from southern part and near three 752
seaward inlets.753
Fig. 8. Distribution of RMSVs (cm s-1) in the Lagoon of Venice (from Molinaroli et al. 2007).754
Fig. 9. Distribution of WRTs (days) in the Lagoon of Venice (from Molinaroli et al. 2007).755
Fig. 10. Distribution of RMSVs (cm s-1) in the Lagoon of Cabras.756
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Fig. 11. Distribution of WRTs (days) in the Lagoon of Cabras.757
Fig. 12. Ternary diagrams of surficial sediments from LC (left) and LV (right) based on ratios of 758
sand/sortable silt (63–8 m)/aggregates (<8 m) and sand/sortable silt (63–22 759
m)/aggregates (<22 m) respectively, and bivariant plots showing correlations between 760
grain-size fractions and hydrographical parameters. ○ = LV samples from northern part 761
and near landward shore, × = LV samples from central area, ∆ = LV samples from 762
southern part and near three inlets. Arrows in the ternary diagrams indicate increasing 763
weight of hydrographical parameters. 764
Table 1. Mean values of sedimentary, hydrological and environmental variables of the two lagoons. 
Lagoon of Venice Mean Median sd Min Max
Surface (Km2) 360
Depth (m) 1 1 0.5 0.2 2.9
Sand (%) 19 6 26 1 90
Silt (%) 61 67 20 6 83
Clay (%) 20 20 9 3 38
Mz (m 26 26 4 19 39
Clay/Silt 0.3 0.3 0.1 0.1 0.7
Non-cohesive/Cohesive 0.7 0.7 0.3 0.2 1.6
RMSV (cm s-1) 7.1 6.7 3.3 0.1 17.8
WRT (days) 16 16 7 0 26.0
TOC (%) 1.1 1 0.6 0.3 3.1
Lagoon of Cabras Mean Median sd Min Max
Surface (km2) 22
Depth (m) 1.7 1.8 0.2 1.2 2.1
Sand 3 0 5 0 17
Silt 50 49 7 30 65
Clay 45 46 6 29 58
Mz (m 6 4.4 6.5 3 38
Clay/Silt 0.9 0.9 0.2 0.5 1.4
Non-cohesive/Cohesive 0.3 0.2 0.1 0.1 0.9
RMSV (cm s-1) 4.4 3.8 2.6 1.2 12.2
WRT (days) 19 20 5 0.5 24
TOC(%) 3.3 3.4 0.7 1 4.3
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